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SUMMARY  AND  INTRODUCTION 


The  pi’esent  pmer  is  written  as  a reccsrd  of  an  informal  lecture 
delivered  by  the  authors  at  the  Office  of  Naval  Research  in  Washirifton, 
on  May  3,  19$U.  It  consists  of  two  distinct  parts:  the  first  describes  the 

application  of  a theory  of  ririid  body  motions  to  a ship  moving  in  a regular 
head  or  foilowinr  sea;  the  second  part  deals  with  the  problem  of  the  repre- 
sentation of  an  irrepular  storm  sea  and  of  the  theory  of  ship  motions  in 
irret^ular  seas. 

The  theory  of  ship  motions  in  a regular  sea,  which  is  presented  first, 
can  be  considered  as  the  continuation  of  the  work  ori<rinated  by  -irilofi  in 
189(3  and  represented  recently  in  the  most  developed  form  in  papers  by 
Weinblum  and  St.  Denis.  ihe  new  development  consists  in  the  introduction 
of  coupliag  between  heave  and  pitch  motions,  and  in  the  more  complete  dis- 
cussion ana  evaluation  of  various  coefi'ic  ient  s in  the  coupled  differential 
equations  of  motions,  particularly  those  of  the  cross-coupling  terms.  Re- 
cent experimental  data  obtained  at  E.T.T.  on  forcinp  functions  due  to  waves 
show  tliem  to  be  much  smaller  than  was  previously  assumed  on  the  basis  of 
the  Froude-Kriloff  hynothesis.  a comparison  of  computed  and  experimentally 
determined  shin  motions  shows  quite  good  correlation. 

In  the  second  part,  some  si'^nificant  features  of  recent  theories  for 
the  study  of  shin  motions  in  irremalar  seas  are  discussed.  It  is  shown 
that  pro-^ress  in  this  phase  of  seakeepinr  research  does  not  need  to  await 
the  complete  solution  of  the  problem  of  motions  in  simple  seas. 


ihe  material  contained  in  this  paper  was  collected  as  Lno  result  of  the 
current  activity  of  the  authors  in  the  field  of  the  seakeeping  qualities 
of  ships,  mostly  under  the  sponsorship  of  the  S-3  and  ii-7  panels  of  the 
■ndrodynamics  committee  of  the  bociety  of  Naval  Architects  and  Marine 
Engineers,  and  of  the  Ofi'ice  of  wa.al  Research,  Task  Orders  IV  arid  V of 
• o itract  N6onr-2u7. 
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HEAVING  A^D  PITCHING  RFiSPONSF.  OF  A SHI ° TO  A REGULAR  SEA 
Equations  of  Motion 

The  obvious  difficulty  of  obtaininf^  quantitative  data  or  the  state 
of  the  sea  and  on  the  resultin'-'  ship  motions  makes  it  necessary  to  inves- 
ti  -ate  the  sub.iect  by  means  of  laboratory  research.  The  problem  can  be 
attack eu  in  three  different  ways: 


(a)  by  direct  model  experimo-nt  iii  a towin?  Lar.k; 

(b)  analytically,  using  the  simple  theory  of  forced  oscillatior'iS , 
with  independent  estimates  of  the  various  coefficients; 

(c)  analytically,  treating  the  subject  as  a boundary  value  problem 
and  evaluating  the  boundary  condition  at  the  hull,  taking  into 
account  both  the  prescribed  wave  motion  and  th,e  (originally  un- 
known) ship  motion. 

Exa;rples  of  the  last  method  are  found  in  the  recent  work  of  Stoker 
and  Peters  (ueference  l),  ajad  in  the  previous  v;ork  of  Haskind  translated 
by  the  Society  of  Naval  Architects  and  Marine  Engineers  (iteference  2).  .or 
„he  rr^Sir.t,  emphasis  ..ill  be  placed  on  the  second  mttV.od;  the  first  --  the 
experimental  --  method  will  be  discussed  later. 

The  second  method  was  originated  bv  Kriloff  in  papers  read  before 
the  Institutie:  of  Naval  Architects  in  I896  and  I898  (n^fcience  3),  and 
vras  foUov/-ed  bv  Hazen  and  Nims  (ueference  h)  and  Bull  (Reference  5),  and 
by  weinblum  r-jid  St.  Denis  in  two  S.N.A..M.E.  papers  of  1950  and  1951  (uef- 
erences  6 and  7).  Ihe  subject  and  the  methods  of  the  present  paper  can  be 
considered  a.s  a direct  continuation  and  development  of  the  last  mentioned 
w ork . 

The  case  of  a simple  linear  oscillator  acted  upon  by  a harn.cnic  forc- 
ing function  of  maximum  amplitude  P‘  is  represented  by  the  following  equation: 

az  ' bz  cz  = F cos  tut  , (l) 


•hit" 


iT 
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ol'.e  damping  force  per  unit,  velocity  z,  and  c is  the  restoring  force  per 
unit  c.f  disolacement,  z.  Application  of  equation  (1)  to,  say,  the  heaving 
notion  of  a ship  excited  by  a simple  head  sea,  considering  the  upward  veloc- 
ity of  the  ship  and  water  surface  as  being  positive,  result.s  in 

5 * t;(i.  - ^ ) * cz  ~ - i'^)cosiut  . (2) 

Here,  the  inertial  term  is  shovm  to  consist  of  the  mass  of  a ship,  m, 
multiplied  v its  acceleration,  and  the  mass  of  tiie  entrained  water,  m^, 
times  the  relative  acceleration  whic..  is  the  difference  between  that  of 
the  ship,  z,  and  of  the  wave  surface,  f . Liheviise , the  coefficient  of  the 
damping  force  is  multiplied  by  the  relative  vertical  velocity  of  sliir  and 
v;ave  (z  -{  ).  .me  excitin'  force  is  shown  bo  consist  of  tv.‘o  terms,  -- 
due  Lo  changes  of  displacement  --  ana  e ^ --  duo  to  the  pressure  gradient 
in  tne  waves,  usually  referred  to  as  the  'uSmith.  liffect." 

Ihe  present  problem  is  tc  find  tne  shi!  motiov.  resulting  from  a spec- 
ified wave  form,  which  therefore  is  assumed  to  bo  known.  The  first  step  in 
the  solution  is  to  seoarate  the  known  wave  motion  anc.  the  unknown  shir  motion 
terms  cf  equation  (2).  which  le.ods  to 

• » $ 

(m  + m,  )z  + bz  + cz  = (i  , - i )coswt  + m,C  bC  . (3) 

1 us  1* 

fhe  left-hand  side  of  the  above  eouation  represents  nov;  the  motion 
of  a sldn  rscillatinv  in  smooth  water,  and  i-ne  ridit-hand  side  represents 
the  excitincf  force  due  to  waves  actin?  on  a restrained  ship  whi.ch  is  found 
to  consist  of  four  terms  representing  forces  due  to: 

change  of  buoyancy  due  to  wave  profile, 

change  cf  pressure  gradient  in  the  und islurbf--d  v-ave  (dmith  Effect), 

acceleration  of  the  "added  mass"  due  to  wave  motion, 

wuter  velocity  in  wave  ai'fucted  by  tl:e  resence  of  the  ship's  hull. 

The  cc.nsi.iemtion  of  only  the  first  two  terms  on  the  right-hand  side  in 
equations  of  motion  is  known  as  the  "I roude-Kriloff  hypothesis."  In  this 
hypotiiesis,  the  pressures  acting  oi.  the  ship  surface  due  to  the  undisturbea 
waves  are  consrdereu,  nevlectia"  co-mpletely  the  added  water  disturbance  due 
to  the  presence  of  the  ship's  hull-  The  latter  two  terns  in  the  definition 
of  exciting  force  represent  the  effect  cf  this  cistortion  or  interference. 
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liquation  (3)  is  written  for  the  heaving  motion  and  a similar  equation 
is  easily  wiitten  for  the  pitching  motion.  In  all  previous  work  (except 
Haskind's),  the  equations  of  motion  were  written  and  solved  separately  for 
heaving  and  pitching,  and  the  coupling  effect  between  these  two  motions  was 
ne.-lected.  Yet  it  is  known  from  other  fields  of  activity  that  the  coupling 
effects  can  be  very  important. 

a coupled  system  cf  pitch  and  heave  motion  is  represented  by  a pair 
of  simultaneous  differential  equations  of  the  usual  form): 


ioit 


a*z  + bz  + cz  + d6  + o0  = T"e 


A6  + B0  + Ce  + dz  + Ez  = Me^'' 


(U) 


J 


ihe  first  thiree  terms  of  each  equation  are  identical  with  the  original  nen- 
coupled  equations,  ihe  last  two  ten:is  on  the  left-hand  side  of  each  equation 
are  coupling  terms:  d0  is  a heaving  force  due  to  pitching  velocity,  0;  e0 

is  the  heaving  force  due  to  pitching  displacement,  9;  and  uz  and  Ez  are  bhs 
pitching  moments  due  to  heaving  velocity  and  heaving  displacement,  respec- 
tively. ihe  cross-coupling  inertial  terms  are  om.itted  in  view  of  previous 
experience  witr.  airplanes  and  seaplanes  in  porpoising,  in  which  cases  they 
were  shown  to  be  .negligibly  smaLl  . ihs  harmonic  foieing  functions  on  the 
risht-hand  sides  of  equations  (It),  which  are  equivalent  to  the  right-hand 
sides  cf  equation  k3).  are  represented  in  complex  form  in  order  to  simplify 
the  subsequent  algebraic  operations,  and  it  is  understood  that  the  real  part 
is  to  be  taken,  t and  M are  co.mpisx  amplitudes  of  forcing  functions,  i.e., 
they  indicate  both  the  absolute  magnitudes  of  the  force  and  moment,  re- 
spectively, and  their  phase  relationships  with  respect  to  for  in- 

stance, if  a convention  io  established  that  time  t is  zero  when  the  wave 
crest  is  at  the  midship  section,  and  if  it  is  observed  that  the  heaving 
foi'ce  has  a maximum  va]ne  of  1 lb.  at  this  instant,  t.hen  F = K = 1.  How- 
ever, if  the  maximum  pitching  moment  of,  say,  3.3  ft/lb.  occurs  90°  earlier 
in  the  cycle,  i..e.  , when  the  wave  cr-est  is  at  Station  5 (considering  the 
ship  length  to  be  divided  into  20  parts),  and  the  nodal  point  at  the  mid- 
ship section,  then  M = 3.3i,  where  i = /^.  In  the  present  work,  the 
forcing  functions  have  been  detai-mined  as  a whole  from  experiments  on  a 
comoletely  restrained  model. 


T 

i ' 


i 
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Solution  of  the  liquations  of  Motion 

It  will  be  assumed  that  equations  {h)  are  linear,  and  that  all  co- 
efficients are  constant  and  are  independent  of  time.  It  will  be  further 
assumed  that  the  ship  is  moving  in  a uniform  sea  and  that  a steady  state 
of  pitching  and  heaving  is  established.  In  such  a case,  the  transient  re- 
sponses have  been  damped  out,  and  only  the  particular  solution  of  equa- 
tions (h)  is  needed.  Since  the  forcing  functions  ai'e  harmonic,  the  re- 
sultant motion  can  be  expected  to  be  likewise  harmonic,  and  the  solution 
can  be  assumed  to  be  in  the  form 


ri  UuJ  t , A A i\..  t 

i = and  6 = Oe 


where  Z and  6 are  complex  amplitudes  of  the  form 

Z = Z e^°^  and  C = e e^^ 
o o 

Here,  Z^  is  the  absolute  value  of  ■•:eavin_'  amplitude,  6^  is  that  of  pitching, 
and  -1  and  -p  are  the  phase  lags  of  motion  with  j espeot  to  e^^. 

Substitution  of  the  assumed  solutions  (t)  into  equations  (h)  leads, 
after  a few  simple  algebraic  operations,  to  the  evaluation  of  complex 
amp! itudes : 


- Mg  - FS 

^ Wh  - PS 


- _ FR  - MP 
Qh  - PS 


The  capital  letters  in  the  above  exoressions  represent  the  gi’oupings  of 
the  coefficients  of  differential  equations  (ii)  as  follows: 


q| 

n 2 

P = -atu  +• 

t * 

: 1 
ii 

Q = id  tu  e 

R = idcu  + h 

'li 

S = -ku?  + 

In  this  form,  the  numerical  solution  of  the  coupled  equations  (li)  can  be 
carried  out  quite  conveniently.  First,  the  values  of  all  the  coefficients 
of  equations  (U)  are  listed,  then  proupings  of  those  shown  by  equations  (8) 
arc  computed;  then  the  complex  arrplitudes  (6)  and  (7),  and  from  these,  finally, 
the  absolute  amplitudes  and  6^  and  the  phase  lag  angles  -a  and  ~P  of  lieave 
and  pitch,  respectively,  are  computed. 

Evaluation  of  Coefficients 

The  solution  of  the  coupled  equations  of  m.otion  (U)  is  shown  above  to  be 
quite  simple  and  suitable  for  the  anal^.-sis  of  ship  motions.  Ihe  practical 
value  of  the  calculations  hinges  now  entirely  on  v;hether  it  is  possible  to 
estimate  the  values  of  the  various  coefficients  of  equations  (L).  The  sim- 
plest and  most  definite  coefficients  will  be  treated  first:  the  restoring 

force  and  moment  coefficients  c and  C and  the  cross- coup  liner  coefficients 
e and  E due  to  changes  of  displacement  in  pitch  and  heave.  All  of  these 
are  in  reaiitv  quite  nonlinear-,  but  with  a linearizing  assumption  they  are 
comput-.d  on  the  basis  of  the  waterpl-ne  offsets  y as  follows: 


0 /-"L/S 

= -££•  f vz  dx 
^ ' -L/2 


•^L/2 


C = 


f Y'  Qk)x  dx 

® J-L/2 


,vL/2 

= I y(0x)  dx 
t?  I 
•'-L/2 


= 


/: 


L/2 


yzx  dx 


} (9) 


In  the  above,  x is  the  distance  from  the  midship  section,  y denotes 
the  half-breadth  of  the  waterplane  at  a given  x,  and  equations  (U)  define 
the  motion  as  that  of  translation  of  the  center  of  gravity  in  heave,  and 
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the  rotatijn  of  the  ship  about  it  in  pitch.  The  u.sual  siiiall  displacement 
of  the  C.G.  from  the  midship  section  will  be  neglected  here  for  sinplicity, 
and  the  origin  of  coordinates  x = 0 will  be  tai.en  at  the  midship  section. 
The  quantity  pg  is  the  weight  of  water  per  cubic  foot.  Ihe  arbitrarily 
assumed  displacements  z and  S are  showii  onl^/  for  completenesc  cf  form,  but 
in  practical  computations  they  can  be  taken  as  unity,  so  that  the  integrand 

n 

has  the  general  form  of  vx“  dx,  v;here  n = 0,  1,  or  k.  Following  the  usual 
practice  in  displacement  calculations,  the  inLcfpra  cior;  c<ui  be  readily  per- 
form'd by  bimpson's  rule. 

in  the  case  of  t!;c  5-ft.  model  of  oeries  60,  with  a block 

coefficient  of  O.oO,  tlie  evaluation  of  the  above-  integrals  gives 

c = lao  lb.  per  loot  of  heaving  displacement 

C = 202  ft  .-lb.  per  radian  of  r, itching  displacement 

e = E = -^;o  lb.  per  I'adian  or  ft. lb.  per  foot  of  displacement. 

n'ext  in  order  cf  simplicity  arc  the  mass  coefficients  a and  A,  Here, 

a = mi  (1  + k ),  and  A = J >' 1 ' ka),  where  m and  J are  the  mass  and  the 

z y 

loni^itudinal  moment  cf  inertia  of  a ship,  respectively,  and  k and  are 
the  coefficients  of  added  mass  of  entrained  water  or  accession  to  inertia. 
Following  the  comjricn  practice , these  are  assumed  on  the  basis  Oi  cor^jarison 
with  submer ~ed  ellipsoids,  and  in  the  present  work  were  actually  read  from 
the  charts  given  in  the  Weinblum  and  bt.  uenis  b.,,.A.M.E.  paper  of  1950 
(ueference  6).  At  this  point,  it  is  well  to  remember  that  the  natural 
angular  frequencies  of  oscillation  of  a ship  in  still  water  are  given  by 
tt;e  expressions 

bince  uhe  restoring  force  and  moment  -'ceffi oi ents  are  known  from  equa- 
tions (?),  one  corruefness  oi  the  assumed  coefficients  of  accession  to 
inertia  car.  bo  veril'ied  by  comparison  of  the  computea  and  experimentally 
observed  natural  periods.  li'.e  correlation  in  this  case  was  fo'ond  to  be 
very  good,  and  appears  to  be  independent  of  m-odel  forward  velocity. 


i 
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Next  are  the  four  coefficients  b,  B,  d,  and  D of  the  terms  whici!  are 
dependent  on  the  velocity  of  notion.  The  basic  buildin<^  block  in  evaluatinp 
all  cf  these  is  the  expression  derived  by  St.  Denis  in  his  1951  S.N.A.M.fi. 
paper  (Reference  7): 


N''x) 


P<)J  sln‘^(ky) 
k" 


-kka 


(11) 


v.'here 

N(x)  is  the  force  actinr  on  a unit  lenrth  of  a prismatic  floating 

body  due  to  a unit  heavin-7  velocity,  z;  this  expression  was  de- 
rived by  considering  the  dissination  of  energ7v  in  plane  waves 
caused  by  the  heavinr  oscillations  of  a prismatic  body  of  the 
'Ovam  2y  and  the  mean  draft  a ( i.ere  , the  frequency  of  oscil- 
lation is  equal  to  the  frequency  of  encounter  with  the  sea  waves); 

is  Ll'.e  offset  ai,  tiie  load  waterline  (a  function  oi'  x) ; 

k is  wave  number  sh/a; 

>.  is  the  lenrth  of  the  waves  generated  by  the  ship's  oscillation 
cf  circular  frequency,  Ji;  ; 

a is  the  mean  depth  of  the  section  of  the  ship  considered,  i.e. , 
(sectional  area)/<iy. 


Various  coefi'icients  for  the  entire  ship  are  now  evaluated  by  the 
strip  theon'  method  in  which  it  is  assumed  that  each  element  of  ship  length 
acts  independently  of  the  adjacent  ones,  as  though  it  were  a part  of  an  in- 
finitely long  prismatic  bod-''-.  The  contribution  of  all  elements  are  then 
integrated  bv  Simpson's  rule.  The  simple  integrals  are: 


b 


dx 


in  lb.  por  ft. /sec.  of  n saving  velocity,  z 


(12) 


a 


= / N(x)x‘^ 

‘^-L/2 


dx 


(13) 

in  ft. -lb.  per  rad. /sec.  of  pitching  velocity,  6 


■ ■"  i 
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^^L/2 

d = 0 =1  i (x'>x  dx  (ill) 

‘^-h/2 

in  lb.  per  icid./sec.  of  pitching  velocity,  6, 
and  in  ft. -lb.  per  ftysec.  of  heaving 
velocity,  z. 

fhe  curves  represent inr  the  computed  values  of  the  above  integrals 
plotted  vs.  circular  frequency  of  encounter,  w,  are  Tiven  on  figure  1. 

In  the  case  of  the  coefficient  b,  t.h.e  laxgost  part  of  its  value  is 
contributed  bv  the  miaule  part  o!'  the  shin's  length  in  which  the  water  flow 
is  not  too  different  from  that  oi'  a long  prismatic  body.  Whatever  small 
del icie of  force  results  from  the  cross  flow  from  one  ship  section  to 
a very  similar  neii’’hboring  one  is  compensatud  for  bv  tno  addition  of  a 
viscous  or  eddymakinv  force  resulting  from  the  water  flow  around  the  bilges. 
The  coefficierit  b can  therefore  be  assumed  to  be  correctly  represented  by 
the  intef^ral  (l2). 

In  the  case  of  the  integral  (13),  for  the  moment  coefficient  B,  a 
different  situation  exists.  The  largest  part  of  the  contribution  to  the 
value  of  this  irite~ral  comes  from  sections  at  the  ernds  of  the  ship  whore 
the  true  three-dimensional  flow  differs  considerably  from  the  two-dimensional 
flow  postulated  by  equation  (ll)  and  by  the  integral  (13);  therefore,  the 
true  value  of  tie  coefficient  B must  be  much  smaller  t.ian  that  indicated  by 
the  integral.  Ihe  exact  three-dimensicne 1 solution  is  available  in  the 
cose  of  an  elon-'^ated  submerged  spiieioid  (iieferences  o and  9),  comparison 
of  it  witp  the  strip  theory  into  <rai  (’l3)  inOicates  chat  one-half  of  the 
value  of  the  latter  must  be  used.  It  is  assum.ed  in  the  present  voik  that 
the  same  factor  of  one-nair  will  also  be  applicable  in  the  case  of  surface 
ships. 

Integral  ( lU)  for  the  cross-coupling  coefficients  d and  D contains  x 
in  the  first  power  in  the  integrand  as  against  zero  power  lor  b,  and  square 
for  3.  It  will  be  assumed,  therefore,  that  75ifc  of  the  calculated  value  of 
the  integral  (iJr)  is  to  be  used  as  compared  to  lOulfc  and  50/b  for  b and  B, 
respectively.  It  will  later  be  siiown  that,  with  these  assumptions,  there 
is  veim/  good  correlation  between  the  computed  and  experimentally  measured 
amolitudes  of  ship  motions. 


The  Forcing  Functions 

It  remains  now  to  consider  the  forcinp;  functions  on  the  right-hand 
side  of  equaticns  (U),  which,  in  the  case  of  heave,  for  instance,  are 
equivalent  to  the  ripht-hand  side  cf  equation  (3)-  The  first  two  terms 
of  equation  (3),  due  to  displacement  changes  and  chan^^es  cf  pressure  gra- 
dient, comprising  the  "Froude-Kriloff  hypothesis,"  are  readily  calculable 
b’’  the  familiar  methods  of  buoyancy  calculation,  it  is  believed  that  the 
other  two  terms  can  also  be  computed  by  methods  indicated  in  the  St.  s'cnis 
S.N.A.>.E.  paper  of  1951  (deference  7),  but  this  work  has  not  yet  been  done. 
Instead,  the  entii'e  forcing  function  was  measured  experimentally  by  supporting 
a restrained  model  in  th.e  towing  tank  by  means  cf  dynamometers  having  small 
deflections,  since  the  first  part  of  the  prcbleii  is  defined  as  that  of 
verifying  ihe  correctness  of  the  use  of  the  coupled  equations  (Ul,  and  of 
the  L, valuation  cf  their  coefficients.  Suffice  it  to  say  here  that  the 
total  heaving  force  was  four.d  to  be  of  the  order  of  501*),  and  the  total 
pitching  moment  of  the  order  of  75>>  of  these  computed  on  the  basis  of  the 
f roude-Kriloi'f  hypothesis.  The  measurement  of  these  forcing  functions  was 
made  under  the  sponsorship  of  the  H-7  panel  of  the  S.N.A.M.E;  the  prelim- 
inary data  are  given  in  Reference  10. 

Comparison  of  Calculations  with  Experimental  Results 

So  far,  the  calculations  have  been  aoplied  to  one  model  of  u.T.M. B. 
Series  60,  having  a 0.60  block  (Reference  11),  at  one  wave  length  equal  o 
th.e  model  length  and  a heii-ht  of  l/h8  of  its  length.  Since  this  is  the 
wave  hei(?ht  chosen  by  tlie  International  Conference,  on  Ship  Hydrodynamics 
for  comparative  tests  of  models  in  many  tanks,  a large  amount  cf  exper- 
imental data  should  soon  become  available  for  comparison  with  theoretical 
calculations.  i our  American  laboratories  have  kindly  furnished  their  test 
data  to  the  authors.  Figure  k shews  the  computed  curve  of  pitch  amplitudes, 
and  the  experimental  data  of  the  two  laboratories  whi  ch  wexe  • ;-.nsistent 
both  with  each  other  and  with  the  computed  uui-ve.  It  will  be  obsorved  that 
good  agreem.ent  is  obtained  throughout  the  speed  range  from  aero  to  a speed- 
length  ratio  of  nearly  1.0.  This  good  correlation  throughout  the  speed 
range  can  be  taken  as  a confirmation  cf  the  validity  of  the  computation  of 
the  coefficients  of  the  TOlocity  teims  shown  in  Figure  1,  as  well  as  the 
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application  ni’  cornjction  factors  of  1-0,  0.75,  snri  0.50  for  coefficients 
b,  1 and  D.  a.Td  B,  resnect ively. 

A peculiar  feature  of  ttie  experimental  data,  the  occurrence  of  the 
maximum  amnlitude  of  pitch  at  very  low  speed,  is  also  confirmed  by  the  cal- 
culated curve.  'Ihe  natural  period  of  the  model  oscillation  in  pitch  in- 
dicates the  resonant  speed  to  be  at  about  l.d  ft. /sec. , whereas  the  apparent 
resonance  of  the  actual  motion  is  shown  to  be  at  about  1.5  ft. /sec.  This 
shift  of  the  apparent  resonance  tc  a lov;er  speed  is  now  seen  to  be  the 
effect  of  the  cross-couplinfr  coefficients  d,  U,  e,  and  b.  A different 
amount,  and  possibl”  a different  diiection  of  snift,  can  be  expected  with 
different  values  cf  these  coefficients  for  another  hull.  The  usual  charac- 
teristics of  conventional  ship  forms  makes  one  expect,  however,  that  a shift 
of  resonance  to  a lower  speed  will  be  acncra  il”  found  as  in  the  present  case. 

i'ipure  3 shows  a siniilar  corr'^lation  for  heavinp  amplitudes,  it  can 
be  seen  that  the  disapree-.ent  of  the  experimentally  measured  heave,  even  in 
the  case  of  the  two  laboratories  having  the  closest  agreement  of  data,  is 
very  larae,  and  therefore  a complete  verification  of  the  computational  pro- 
cedure is  not  possible.  Wovertheless,  good  arruement  as  tc  the  order  of 
magnitude  of  the  riaxitr.u:;;  heavir.F  amplitude  is  evlder'.t,  as  well  as  -^^eneral 
similarity  of  the  shapes  cf  the  comouted  and  experimental  curves.  The  ex- 
rcrimental  data  indicate,  however,  the  shift  of  the  apparent  resonance  in 
heave  to  a m.uch  hisrher  speed,  i.e.,  in  the  direction  opposite  that  of  the 
oitchine  resonance.  The  computed  curves  show  correctly  the  direction  cf 
the  trend  in  senarating  the  speeds  of  appai'ent  resonances  in  pitching  and 
in  heaviPig,  but  fail  to  sho\v  the  shift  of  heavinr  resonance  to  such  a liigh 
speed  as  is  shown  experimentally. 

Tirure  li  shows  t.he  phase  relationships.  ihe  upper  part  of  tiie  I inure 
indicates  the  phase  lags  of  the  heave  and  pitch  ampin  tun -.=>  with  i-espect  to 
the  amplitudes  of  heaving  force  and  mom>->nt.  The  maximum  heaving  force  occurs 
when  the  wave  crest  is  close  to  the  midship  section.  Ihe  maximum  amplitude 
of  heave,  however,  is  delayed  until  the  wave  crest  rolls  further  aft.  Tor 
instance,  at  the  time  of  appa'rnt  resonance  in  heave,  at  a speed  of  1 . o it  ./sec., 
the  phase  lag  is  90°;  in  the  present  case,  this  is  equivalent  to  l/h  of  the  T 

ship's  length.  The  maximum  heigi.t  of  the  heaving  motion  will  therefore  occur 
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when  the  wave  crest  is  at  Station  15,  and  the  following  wave  trough  is  at 
Station  5. 

The  lower  part  of  Figure  U shows  the  las'  of  heaving  amplitudes  with 
respect  to  pitching  arolitude.  The  experimental  data  on  phase  relation- 
ships  are  not  vet  available,  but  some  prelimtiary  information  indicates 
that  the  low  value  of  this  la'^  at  low  speed  is  found  experimentally  also. 

It  can  be  added  here  that,  in  the  past,  few  experimental  data  on  ship  motions 
have  been  publis}ied,  and  then  often  only  in  the  form  of  heaving  and  pitching 
data  separately,  wiuhaut  any  infcrmtion  on  the  phase  relationship  between 
the  two.  In  such  form,  the  information  given  does  not  ^escribe  completely 
the  shrp  mnt-i  nns ^ and  does  not  permit  the  derivation  of  other  properties 
of  me. ticn,  as,  for  instance,  the  vertical  acceleration  at  the  bow  or  stern, 
in  orosr  to  completely  describe  the  mot, ion,  all  three  quantities  — the 
arrplitudes  of  heave  and  of  pitch,  and  the  phase  relationship  between  the 
two,  are  necessary.  These  three  quantities  will  describe  the  absolute 
motion  of  a stiip,  bub  they  still  do  not  permit  judgment  of  the  degree  of 
bow  or  stern  immersion,  lor  this  purpose,  it  is  necessary  to  relate  the 
ship  motion  to  the  w-ave  motion  by  giving  these  phase  relationships  also, 
as  shown  by  the  computed  ones  in  the  unoer  part  of  Figure  Ir. 

A question  can  be  asked  at  this  stage  as  to  what  has  been  gained  by 
bheuseof  the  coupled  equations  of  motion  as  compared  to  the  simpler  separate 
equations  for  pitch  and  heave.  It  has  already  been  mentioned  that  coupling 
has  brought  the  calculated  r-esonance  in  pitch  to  a lower  speed,  correctly 
represeneinp  the  experimental  data.  Comparative  coupled  and  uncoupled  cal- 
culations were  made  at  one  speed  of  ft. /sec.  , which  is  somewhat  above 
the  uncGupled  resonance  speed,  with  the  following  results: 


Computed  from 

Uncoupled 

Equations 

Coupled 
Equa  tions 

Experimental 

Values 

Heave  Amplitude 

0.  U2  in. 

1. 1 in. 

about  1. 15  in. 

Pitch  Amplitude 

10.9® 

6.2^ 

about  6.3® 

The  high  damping  in  heave  and  small  magnitude  of  the  measured  heav.ing 
force  indicate  a very  small  heaving  amplitude,  if  computed  as  uncoupled 
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motion,  leaving  the  large  experimental  heave  utterly  unexplainable.  On 
the  other  hand,  low  damping  and  high  exciting  pitching  moment  tend  to  givp 
an  exaggerated  pitching  motion  when  calculated  in  the  single  mode.  The 
effect  of  taking  the  couplinp  into  account  is  to  hold  down  the  pitching 
and  to  increase  the  heaving,  thus  bringing  both  to  a much  better  correla- 
tion with  the  experimental  data. 

It  is  interesting  to  note  here  that  in  all  cases  of  pi’eviousDy  pub- 
lished calcuHa  tions  of  ship  motions,  such  as  those  of  Kriloff  in  I898 
(Reference  3),  Hazen  and  Nim  (iieference  U)  aid  Bull  (Reference  5),  no  ex- 
perimental verifications  of  the  calculations  are  made.  The  indicated 
Ditching  motions,  however,  appear  by  examination  to  be  exaggerated.  This 
exargerat  ion  is  now  seen  to  be  the  result  of  two  factors:  the  use  of  the 

Froude-Kriloff  hypothesis  leads  t~  exacf^erated  values  of  forcing  functions, 
and  the  use  of  uncoupled  eqmtions  likewise  tends  to  exapceratc  the  pitching 
amplitude.  In  the  case  of  the  St.  denis  papei-  of  x"5l  (Reference  7),  the 
calculated  amplitudes  do  not  appear  to  be  abnormal,  in  the  Introduction 
to  that  paper,  it  is  stated  that  the  Froude-Kriloff  hypothesis  was  used, 
but  in  reality,  in  the  development  of  the  paper,  all  terms  of  equations  {2) 
and  (3)  of  the  present  work  were  taken  into  account.  Hence,  the  exaggeration 
of  forcing  functions  was  probably  avoided.  Ihe  exaggeration  of  the  pitch  due 
to  the  use  of  the  uncoupled  equation  of  motion  was  likewise  balanced  by  not 
considering  the  reduction  of  the  damping  coeffl.ci'uf.t  B due  to  three-dimen- 
sional flow.  In  fact.,  the  assumed  damping  was  effectively  taken  as  double 
the  probable  actual  one,  -*owu-ci , since  no  experimental  check  was  avail- 
able in  this  case  either,  a more  detailed  discussion  is  not  possible. 

It  must  be  clear  from  what  has  been  said  abc^e  that  a verification 
of  a theory  at  one  test  speed  for  either  pitch  or  henve  alone  is  quite 
meaningless.  If  a theory  -.s  to  be  valid,  it  niust  show  a reasonable  agree- 
ment in  pitch  and  heave  simultaneously  throurhout  the  entire  practical 
speed  range.  If  this  strinfrent  requirement  is  fulfilled,  as  it  appears 
to  be  in  the  present  case,  the  agreement  can  hardlv  be  called  fortuitous, 
and  can  be  accepted  as  a valid  verification.  Further  verification  is 
needed  in  the  present  case  for  waves  of  other  lengths  and  for  ships  of 
other  forms,  but  at  the  moment  it  appears  that  a practical  engineering 
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tool  is  near  at  hand  for  the  prediction  of  ship  mctj.ons  on  the  basis  of  ship 
hull  geometry,  and  a known  or  specifieo  sea  of  simple  form.  The  extension 
to  irregular  seas  will  be  discussed  in  the  second  part  of  this  paper. 

Concluding  Remarks 

In  concluding  the  first  section  of  this  paper,  the  bearing  of  the 
thecr;/  on  the  interpretation  of  experiments  can  be  briefly  discussed. 
Theoretical  calculations  indicate  that  the  effect  of  the  heave  and  pitch 
coupling  is  to  hold  down  the  pitching  amplitudes,  or  it  may  be  thou^t  of 
as  effectively  increasing  the  damping  in  pitch.  This  makes  the  pitching 
motions  less  sensitive  to  odd  disturbances,  and,  .indeed,  the  experimental 
nitching  data  are  found  to  be  reasonably  consistent.  On  the  other  hand, 
the  effect  of  coupling  is  to  increase  heavinm  amplitudes,  i.e.,  effectively, 
to  decrease  the  damping  in  heave,  making  it  much  more  sensitive  to  unfore- 
seen excitations.  In  fact,  the  exper.imental  discrepancy  in  the  heave  data, 
even  between  the  laboratories  having  the  best  agreement,  is  aisappointin-ly 
high. 

So  far,  only  the  coupling  between  pitch  and  heave  has  been  considered 
theoretically.  It  is  extremely  desirable  to  consider  the  entire  motion  in 
a plane  of  simunetry,  i.e.,  surge  as  well  as  heave  and  pitch,  and  particularly 
to  investigate  the  effects  of  surge  coupling  and  of  variation  in  test  con- 
ditions in  regard  to  surging  motion.  This  will  Indicate  to  what  extent  it 
is  iiecessary  to  piovide  the  correct  freedom  in  surge  in  laboratory  tests. 

At  present,  alUiough  efforts  nave  been  made  to  have  the  test  conditions 
correct  with  respect  to  heave  and  pitch,  appar  aitly  no  control  is  exercised 
as  to  the  masses  involved  in  surging  motion.  It  would  be  of  ii  ' erest  to 
check,  both  experimentally  and  by  calculation,  the  extent  to  which  this  may 
affect  the  heaving  motion,  in  which  th*^  discrepancies  are  most  conspicuous. 
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PART  II 

THEORETICAL  AND  SKPERIMENTAL  INVESTIGATION 
OF  SHIP  MOTIONS  IN  IRREGUIAR.  LONG-CRESTED  SEAS 

Importance  of  Irregjlar  Waves 

it  is  penerall-"  recornized  that  regular  waves  of  the  tyce  discussed 
in  Part  I of  this  paper  are  not  representative  of  actual  storm  seas,  al- 
thouph  they  mav  approximate  a smooth  regular  swell.  Of  course,  swell  con- 
ditions are  often  encountered  at  sea  after  a storm  has  passed  or  as  the  re- 
sult of  a distant  storm;  thev  are  more  common  on  some  of  the  ocean  routes 
than  on  others.  But  the  problem  which  is  usuallv  mure  scricv.=  , and  certainly 
more  difficult,  is  that  of  ship  motions  in  storm  seas  while  a stronr  wave- 
mgnerating  v.-ind  is  blowing.  The  sea  is  then  characterized  by  great  apparent 
irregularity,  incessant  change  of  appearance,  and  by  the  fact  that  wa'.cs  are 
"short-crcsted" , i.o.,  lookin'-'  along  a crest,  one  may  see  that  it  seems  t.^ 
disappear  at  a short  distance,  perhaps  in  a hcllow  of  another  wave.  The 
motion  of  a ship  in  such  a sea  likewise  is  quite  irregular’,  with  pitching, 
rolling,  yawiriig  , etc.  all  combined.  Concentratin-g  on  pitching,  for  example, 
the  continuallv  changing  apparent  periods,  lengths,  and  heights  of  the  waves 
result  in  continually  fluctuatinr  period.s  and  amplitudes  of  pitching.  Thus, 
it  is  clear  that  the  use  of  average  waves  for  the  study  of  motions  is  in- 
adequate, and  the  present  ki'Owledge  of  behavior  in  regular  wa'ves  is  not 
directly  applicable  to  the  proble.m  of  motions  in  irregular  storm  sens. 

A very  promising  approach  to  the  irregular  sea  motion  problem,  has 
been  set  forth  by  St.  Jenis  and  Pierson  in  Reference  Id,  and  in  the  work 
of  Fuchs  and  MacCamy  (iteference  13).  The  essential  idea  is  that  motions 
in  irregular  waves  can  be  accounted  for  on  the  basis  of  motions  in  regular 
waves  of  a varietv  of  lengths.  It  is  first  shown  that  the  irregular  sur- 
face of  the  ocean  in  a storm  can  be  considered  as  the  combined  effect  of 
an  infinite  number  of  component  waves  of  different  length,  height,  and 
dii’ecticn.  The  hypothesis  is  cnen  advanced  that  ship  responses  to  such 
irregular  waves  in  pitch,  heave,  rolT  , etc.  may  be  considered  as  the  sum 
of  the  responses  to  each  of  the  component  waves.  This  means  that  studies 
of  regular  waves  become  more,  rather  than  le.ss,  important  than  in  the  past. 
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The  theory  has  far-reachinp  consequences,  for,  if  confirmed,  it  means 
for  one  thin?  that  when  satisfactory  analytical  solutions  for  ship  motions 
in  re^lar  waves  are  obtained,  they  may  be  applied  at  once  to  obtaining  the 
complete  analytical  solution  of  the  irregular  sea  case.  However,  this  goal 
is  not  within  immediate  possibility  of  achievemaat.  a second  consequence 
is  of  more  immediate  importance:  the  possibility  of  obtaining  the  ship 

responses  to  regulax’  waves  experimentally,  and  applying  them  to  the  ir- 
regular wave  problem  without  waiting  for  the  compj.ete  analytical  solution, 
it  is  this  secono  aspect  that  will  be  considered  here. 

To  start  with,  it  must  be  realized  that  successful  completion  of  any 
research  requires  a cert.ain  simplification  of  the  problem.  On  the  one  Ixand, 
it  must  be  stripped  of  unimportant  riements,  so  that  attention  can  be  con- 
centrated on  the  most  significant  features,  and  on  the  other  hand,  certain 
important  features  must  be  segregated  for  invest i.- at  i on  first,  independently 
of  the  others.  For  the  present  problem,  the  complete  ship  motion  is  separated 
into  the  three  component  rotations  of  pitch,  roll,  and  :/aw  , and  the  three 
translations  of  heave,  swav,  and  surge.  Experience  with  ship  motion  studies  -- 
as  well  as  with  comparable  work  in  aeronautical  engineering  — has  shown  that 
it  is  feasible  to  segregate  the  three  motions  in  the  plane  of  symmetry  -- 
heave,  pitch,  and  surge  — and  to  investirate  these  first,  postponing  the 
study  of  all  six  until  later.  Phvsicallv,  this  means  th.ut  motions  in  head 
or  following  seas  can  be  investigated  independently  of  motions  in  waves  of 
other  directions.  This  is  clear  enough  in  a regular  wave  oi'  swell,  but  in 
the  case  of  an  irregular  sea,  it  implies  the  further  assumption  that  all 
irregulaiity  in  the  transverse  direction  is  neglected.  In  short,  the  prob- 
lem is  considei'ed  as  being  completely  two-dimensional.  ibis  type  of  two- 
dipiensional, or  long- crust ed , irregular  sea  will  be  further  discussed  late/. 
Suffice  it  to  sav  at  this  point  that  tlie  current  development  of  the  analytical 
and  experimental  techniques  for  stip  motion  studies  is  not  yet  adequate  to 
deal  with  the  problem  satisfactorily  unless  so  simplified  or  limited. 

Character: ^lng  the  Ocean  Surface 

T'iie  questioxi  of  ship  motions  in  irregular  seas  leads  first  to  the 
problem  of  cla  ractci'i/^r.,  the  complex  surface  patcei-n  of  the  ocean.  It  is 
comparatively  easy  to  create  a completely  confused  sea  in  the  model  tank. 
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and  this  has  been  dene  by  the  use  of  baffles,  allowing  reflections  frc". 
the  ends  and  sides  of  the  tank,  and  by  introducing  irregular  paddle  motions. 
None  of  these  methods  is  desirable,  for  the  resulting  confusion  is  not  like 
the  irregularity  of  the  sea,  and  it  is  not  subject  to  satisfactory  analysis 
or  repetition. 

The  s icance  cf  recent  work  in  physical  oceanography  (heference  lU) 

is  that  the  confusion  of  a storm  sea  is  found  to  be  more  apparent  than  real 
and  that  the  application  of  statistical  methods  can  bring  a certain  degree 
of  order  out  of  the  appareno  chaos.  These  methods  received  their  initial 
impetus  from  the  need  during  the  last  war  for  predicting  surf  conditions 
at  landing  beaches.  Work  has  been  continued  in  this  country  under  the 
sponsorship  cf  the  beach  lirosion  board  ai.d  the  Office  of  Naval  kesearch, 
leading  to  the  exterision  of  the  knowledge  and  techniques  fo’'  application 
to  sh.ip  motion  problems  (sea  keference  12). 

cample  records  of  the  ccean  surface  at  a fixed  point  are  shown  in 
Figure  5.  Such  records  are  obtainable  from  a pressure  recorder  on  the 
bottom  in  shallow  water,  for  example,  or  by  means  of  a long  floating  "wave 
pole"  in  deep  water,  with  instruments  for  recording  the  water  elevation  in 
relation  to  it.  The  first  record  (a)  is  typical  of  the  sea  surface  in  a 
storm  area,  where  the  wind  has  been  blowing  for  some  length  of  time-  It 
is  chai-acterized  by  an  apce;irance  of  great  irrenularity  and  confusion,  with 
wide  f Juctuations  in  the  intervals  be*v;eer  cxests  and  in  the  wave  heights, 
kecoid  (b)  is  t’-plcal  of  a "swell,"  the  sea  surface  after  a storm  has  passed 
or  at  seme  distance  from  a storm.  It  is  irregular,  but  not  nearly  so  ir- 
regular as  the  other  record. 

Both  records  of  figure  5 --  even  the  apparai tly  chaotic  first  one  — 
are  found  to  be  amenable  to  analysis  statistically  because  of  a very  important 
observed  fact.  To  explain  this  fact,  the  record  is  firso  marked  off  at  equal 
small  intervals  of  tune,  as  shown  in  Figure  5.  and  the  deviations  of  the 
points  from  the  average  line  are  classified  and  plotted  on  the  basis  of  fre- 
quency of  occurrence.  IL  is  founu  tiien  that  the  result  is  very  close  to  a 
typical  "normal"  or  Gaussian  distribution  curve,  as  shown  in  Figure  6.  The 
distribution  curves  will  be  different  for  different  wave  records,  but  they 
are  always  found  to  be  very  close  to  uhe  typical  shape.  Starting  from  this 


TH-106 

- 18  - 


important  characteristic  of  ocean  wave  records,  Pierson  (Reference  U4)  has 
found  that  the  sea  surface  can  be  represented  as  an  infinite  number  of  in- 
finitesimal sine  waves  superiiripcsed  in  random  fashion,  so  that  all  of  the 
crests  never  coincide.  As  a practical  matter,  the  elevation  at  any  instant 
may  be  considered  as  the  sum  of  points  on  a large  number  — instead  of  an 
infinite  number  — of  sine  waves  of  very  small  amplitude.  This  picture  may 
be  visualized  by  assuming  a large  number  of  corrugated  plates,  each  with  a 
different  sized  corrugation,  stacked  on  top  of  one  another.  The  composite 
waye  pattern  can  then  be  obtained  by  adding  the  heights  of  the  points  on 
the  plates  vertically  in  line,  ciach  of  the  coirponent  waves  possesses  the 
well-known  characteristics  of  simple  surface  waves  whereby  the  wave  is  com- 
pletely specified  by  its  frequency  (or  period)  and  its  heiglct,  since  wave 
length  and  velocity  are  knowii  functions  of  frequency  (or  period).  However, 
these  component  waves  are  not  directly  visible  in  a seaway  or  a record;  they 
can  be  found  only  by  a rather  complicated  analytical  method. 

The  frequencies  or  periods  of  the  component  waves  and  their  relative 
importance  in  an  actual  wave  record  are  described  by  the  "energy  spectrum" 
of  the  seaway.  For  the  case  of  a reasonably  steady  wind  blowing  over  an 
initially  calm  sea  for  a sufficient  length  of  time  in  the  open  ocean, 

Neumann  (Reference  l5)  has  obtained  a mathematical  expression  for  this 
spectrum,  which  can  be  wori<ed  out  for  any  desired  wind  velocity.  A typical 
example  is  shown  in  Figure  7(a),  in  which  the  curve  simply  indicat  es  the 
relative  amplitudes  or  heights  of  the  many  wave  components  present  in  a 
typical  ideal  seaway.  In  this  Figure,  it  is  shown  how  the  wave  pattern  is 
approximated  bv  taking  the  sum  of  say  lU  component  wave",  neglecting  the 
low  waves  at  each  end.  The  frequency,  and  hence  length,  of  each  component 
is  indicated  by  the  position  of  one  of  the  narrow  rectangles  alorig  the 
ordinate  scale  of  frequencies ,u3  ( or  period,  T),  and  the  amplitude  of  each 
component  la  given  by  the  square  root  of  the  area  of  the  same  rectangle. 
Figure  7(b)  shows  the  li  components  corresponding  to  each  of  the  rectangles  — 
the  "corrugated  plates"  previc^asly  mentioned.  Sui.imirig  up  the  heights  of  these 
components  at  successive  instants  will  give  a typical  wave  pattern  similar 
tn  Figure  5(a).  The  greater  the  number  of  components  taken,  the  more  exact- 
ly will  the  pattern  approximate  a possible  ocean  wave  record.  However,  no 
two  records  — either  artificial  or  real  — will  ever  be  exactly  alike,  even 
though  their  statistical  properties  may  be  identical. 
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Thus,  the  appsi'e-t  irregul^irity  of  the  sea  and  of  ship  motions  in  it 
may  be;  considered  simply  to  be  the  sum  of  a yery  large  number  of  regular 
waves  and  motions  superimposed. 

The  energy  spectrum  is  different  from  the  ideal,  however,  if  the 
wind  has  not  blown  ]ong  enough  for  the  sea  to  be  fully  developed,  or  if 
the  open  sea  distance  or  "fetch"  over  which  the  wind  has  blown  is  limited. 

The  spectrum  grows  from  the  high  frequency  end,  and,  in  incomplete  form, 
it  would  terminate  at  some  frequency  — say  in  Figure  7 --  determined 

by  the  duration  or  fetch.  Hence,  the  spectrum  of  a simple  storm  appears 
to  be  a fairly  definite  function  of  wind  velocity,  duration,  and  fetch. 

do  far,  no  mention  has  ' ^ i mads  of  the  direction  of  motion  of  the 
waves.  Actually,  it  appears  that  the  wave  components  are  not  all  travelling 
in  the  same  direction  --  as  a result  of  fluctuations  in  the  storm  winds 
which  created  them;  that  is,  the  corrugated  plates  previously  mentioned 
lie  at  different  angles  to  one  another.  I'hAs  results  in  the  characteristic 
"short  crestedness"  of  ocean  storm  waves  in  a direction  at  ri?ht  angles  tc 
their  motion.  However,  it  is  believed  that  the  directions  of  most  of  the 
components  lie  within  -30°  of  that  of  the  dominant  crests  — when  the  dis- 
turbance created  by  a single  storm  is  cor.sidered.  The  theoretical  form  of 
three-dimensional  specora  has  been  tentatively  worked  out,  thus  permitting 
the  mathematical  representation  of  the  sea  surface  over  an  area  as  well  as 
at  a fixed  point,  (.eiee  ttef'-r^'nce  1<1). 

The  work  discussed  has  dealt  entirely  with  an  idealised  spectrum  of 
a single,  simple  storm.  An  actual  sea  spectrum  may  be  m.uch  less  smooth  and 
regular  than  the  spectrum  shown  ir  Figure  ■ Many  mor?  observat  i nn-s  at  sea 
are  needed,  using  the  statistical  theory  as  the  basis  for  analyzing  the  re- 
sulting daca.  Meam-hile,  the  idealized  spectrum  appears  to  be  quite  satis- 
factory for  the  present  amlytical  and  experimental  work.  Even  though  actual 
storms  may  differ  somewhat,  they  will  certainly  be  of  the  same  general  char- 
acter. 

Significance  of  Short-Crestedness 

If  the  study  is  limited  first  to  the  symmetrical  motions  of  pitch, 
heave,  and  surge,  as  discus.snd  ab»;ve,  the  next  step  r,s  to  detcrmire  how 


important  the  characteristic  of  short-crestedness  xs  to  the  present  problem. 
Short-ciested  beam  seas,  containing  components  of  many  different  directions, 
obviously  produce  greater  longitudinal  forces  and  moments  than  long-crested 
seas,  no  matter  how  irregular,  if  parallel  to  the  ship's  course.  Hence, 
for  this  case,  shoro-crestednsss  is  very  important.  As  the  ship's  heading 
is  shifted  more  and  more  toward  right  angles  to  the  dominant  direction  of 
the  sea , the  eifects  of  the  varLapion  in  direct  non  will  become  less  ano  less. 
In  order  to  deter-iiiir.e  exactly  what  the  effect  would  be  in  ^ t^ical  case  of 
a head  sea,  some  calculations  were  carried  out  on  the  basis  cf  the  three- 
dimensional  spectrum  given  in  Reference  12.  The  resiUts  are  shown  in 
BiPure  8. 

One  of  the  cun/es  in  f’igure  d shows  Neumann's  ideal  storm  spectrum 
t a fixed  point,  corresponding  to  a 30-knot  wind  (Reference  16) . When  taking 
a record  at  a fixed  point,  it  rakes  no  difference  whether  or  not  a long-  or 
short-crested  sea  produced  the  record.  However,  a ship  moves  through  the  sea, 
and  therefore  it  is  convenient  to  consider  the  spectrum  which  would  be  re- 
corded at  a moving  point.  In  this  case,  it  does  make  a difference  whether 
or  not  the  sea  is  long-  or  short- crested.  The  spectrum  for  the  long-crested 
case  is  obtained  by  shifting-  points  on  the  original  spectram  so  as  to  correct 
for  the  period  of  encounter.  ihe  spectrum  corresponding  to  a point  moving  at 
15  knots  in  a direction  opposite  that  of  the  waves  is  shown  in  figure  d.  To 
obtain  it,  values  of  the  relative  amplitude  [r(w)3^  for  different  values  of  oJ 
have  simply  been  replotted  at  the  co  value  corresponding  to  the  frequency  of 
encounter. 

i'inally,  the  corresponding  spectrum  was  deteimined  for  a point  moving 
at  15  knots  into  the  wind,  with  a three-dimensional  spectrum  of  the  form 
given  in  Reference  12  for  an  ideal  short-crested  sea.  This  was  done  by 
assuming  the  short- crested  sea  to  be  made  up  of  groups  of  conponents  dif- 
fering  from  each  other  by  headings  of  10  . The  spectrum  for  all  components 
at  each  different  angle  was  then  calculated,  corrected  for  the  effect  cf 
speed  on  frequency  of  encounter,  and  integrated  by  equation  1.23  of  Refer- 
ence 12.  The  result  is  also  plotted  in  Figure  8. 

It  may  be  seen  that  the  difference  between  the  two  spectra  for  a 
moving  point  is  very  small,  and  hence  the  use  of  a long-crested  sea  for 
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expei’imental  and  analytical  work  on  symctrlcaj  motions  is  certainly  justi- 
fied. As  a matter  of  fact,  the  two  curves  could  be  made  practically  to  co- 
ircide  by  using  a fictitious  wind  velocity  for  the  long-ci  ested  sea  somewhat 
higher  than  the  specified  30  knots.  This  would  give  a sea  aLmost  exactly 
equivalent  to  the  short-crested  sea,  insofar  as  the  spectrum  is  concerned. 

This  refinement,  however,  is  hardly  necessary  in  view  of  the  degree  of 
accuracy  with  which  sea  spectra  are  known. 

It  is  important  also  to  consider  wave  lengths  when  comparing  different 
irregular  seas  in  relation  to  ship  motions.  The  spectrum  characterizes  the 
periods  and  heights  of  component  waves,  but  ’'reat  care  is  required  to  obtain 
infornation  regarding  the  lengths  of  the  component  waves.  The  difficulty  is 
that  periods  or  frequencies  are  changed  by  movement  of  the  point  of  observa- 
tion, but  effective  wave  ieigths  are  changed  only  by  differences  in  direction. 
When  a ship  encounters  a short-crested  head  sea,  the  effective  length  (in 
relation  to  symmetrical  ship  motions)  of  each  component  wave  is  the  actual 
length  divided  by  the  cosine  of  the  angle  between  its  direction  and  thet  of 
the  ship.  Hence,  it  is  clear  that  the  average  length  of  a short-crested 
head  sea  must  be  somewhat  longer  than  that  of  a long-crested  sea  having  the 
same  spectrum  at  a fixed  point.  It  would  be  possible  to  work  out  the  average 
wave  length  for  the  long-  and  short-crested  seas,  but  it  will  suffice  to  note 
in  this  case  that  if  a somewhat  higher  fictitious  wind  velocity  were  assumed 
in  order  to  bring  abtut  agreement  between  the  two  spectra  in  i igure  0,  then, 
at  the  same  time,  the  average  wave  lengths  would  be  brought  into  closer 
agreement.  In  the  case  of  following  seas,  on  the  contrary,  the  corrections 
to  spectrum,  and  to  wave  length  work  in  opposite  directions. 

The  significance  of  all  this  is  thdt  if  a long-crested  sea  is  adopted 
for  studies  of  symmetrical  motions,  a legitimate  simplification  is  obtained 
and  not  merely  a rough  aprroximat ion  haviar  no  tlieoretlcal  foundation.  IL 
sin^Dlifies  both  analytical  and  experimenta]  problems  greatly,  and  opens  the 
way  to  the  possibility  of  straightforward  veril'i cation  and  evaluation  of 
the  St-,  Denis-Pierson  theory  (.teference  12), 

In  sim.plifying  the  problem  of  ship  motions  by  neglecting  short,- 
crestedness  as  described  above  , it  must  not  be  forgotten  tliat  there  are 
conditions  of  the  sea  in  wiilch  w lirections  are  ver-y  important  to  the 
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svmmetrical  motions.  Those  are  cases  which  cannot  be  approximated  by  a 
single  simple  storm,  such  as 

(1)  the  combined  effect  of  two  or  more  storms  at  some  distance  apart; 

(2)  the  effect  of  a storm  sea  buj Lding  up  on  an  existing  swell  (al- 
though, in  time,  the  swell  may  be  destroyed  by  the  storm  wind 
(iteference  l6) , the  combined  effect  may  be  appar  ent  for  some 
time) ; 

(t)  the  effecL  of  circular  storms  or  sudden  shifts  of  wind  direction 

(Keference  17);  ccnditions  at  Lhe  eye  of  a hurricane,  for  example, 
defy  analysis  by  present  methods. 

Conditions  such  as  the  above  can  produce  very  extreme  cases  of  short-crested- 
ness,  with  pyr-amidal  crests  and  deep  holes,  data  on  such  conditions  are 
certainly  n';»eded,  ana  the  corresponding  ship  motions  must  in  due  course  be 
studied  analytically  and  experimentally. 

Creating  Irregular  Long-Crested  Waves  in  a Model  Tank 

There  are  two  possible  methods  of  creating  irregular  long-crested 
waves  in  a model  tank.  One  is  tc  superimpose  a finite  number  of  components, 
a process  which  becomes  increasihigly  complex  as  the  .number  of  components  is 
increased.  The  other  is  to  vary  continuously  the  frequency  and  amplitude 
of  the  wave-generating  mechanism.  A variation  of  the  second  method  looks 
particularly  promising  at  the  I.T.  at  the  present  time.  A sample  record 
of  the  irregular  wave  produced  is  shown  in  Figure  9- 

The  analysis  of  typical  experimental  records  has  shown  that  the  dis- 
tribution of  points  at  successive  time  intervals  are  very  nearly  Gaussian , 
as  required,  and  that  the  distribution  of  apparent  periods  can,  by  suitable 
control,  be  made  to  correspond  closely  to  the  distribution  observed  at  sea, 
as  given  bv  heuir.ann  (Reference  16).  A comparison  of  the  period  distributions 
fo:  a typical  case  is  given  in  ricure  10.  "apparent  period"  is  defined  here 
as  the  time  between  successive  crests  of  the  irregular  wave  record,  which  of 
course  gives  no  direct  indication  of  the  periods  of  the  cunponent  waves.  An 
energy  spectrum  analysis  of  a ij-minute  record  is  now  being  nade  on  the  Univac 
machine  at  the  David  Taylor  Model  Basin,  but  it  is  not  yet  available. 
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The  irregular  viave  method  being  developed  at  the  E.T.T,  ir  very  simple 
in  piincipie.  Use  is  rade  of  I'lcats  at  the  wavemak  er  end  cl  the  tank  to  con- 
trol wave  amplitude,  and  of  a continually  varying  paddle  fi-equency  to  provide 
a wide  range  of  wave  frequencies,  ihe  object  is  to  make  the  period  of  each 
raddle  stroke  different,  and  hence  the  motor  speed  control  rheostat  is 
changed  manually  after  each  sti'oke.  Of  course,  without  some  control  of 
amplitude,  the  shoit  strokes  produce  higher  waves  than  the  long  ones,  and 
an  unrealistic  sea  results.  By  using  a light  -'polarfoaj.i"  float,  36  in. 
long  and  h in.  thick,  extending  the  width  of  the  tank,  the  heights  cf  all 
waves  less  than  3e  in.  long  are  reduced  almost  to  the  height  of  the  3o-in. 
waves.  The  exact  proportiors,  number,  and  ballasting  of  the  floats  to 
give  the  best  results  requires  further  study,  but  tiie  basic  idea  seems  to 
he  sound. 

It  would  undoubtedly  be  possible  to  apply  the  above  method  to  the 
operation  of  a random-sea  generator,  thereby  piuducing  a differant  wave 
pattern  every  time  it  is  operated.  This  is  not  the  aii.,  however,  because 
an  inportant  feature  of  the  method  is  that  it  appears  to  lend  itself  to 
making  a reproducible  sea.  The  objective  is  to  provide  mechanical-electrical 
control  whereby  the  wavemakcr  will  repeat  at  will  a sequence  of  strokes  of 
approximatply  3 minutes'  duration.  This  corresponds  to  about  30  minutes  of 
a full-scale  ocean  record,  which,  as  indicated  by  Pierson's  work,  should 
provide  a satisfactory  sample  from  the  statistical  point  of  view  (ivei'er- 
ence  lU).  If  this  reproducibility  is  successful,  it  will  permit  one  or 
more  wave  oattems  to  be  analyzed  once  and  for  all,  and  thus  eliminate  the 
need  for  multiple  analysis  of  wave  records.  It  is  also  hoped  that  direi.  ’ 
comparative  teats  of  different  model.s  can  be  made  in  the  same  v;ave  pattern 
for  either  head  or  following  seas.  Of  course,  a model  run  in  the  tank 
usual]'.’  rcQuires  much  less  than  3 minutes,  and  therefore  a large  number 
of  runs  will  be  required  in  different  parts  of  the  wave  pattern. 

It  must  be  clear  from  the  first  part  cf  this  paper,  however,  that 
ship  motions  are  governed  by  a large  number  of  characteristics  (exp.-cssed 
as  coefficients  of  the  coaplr:d  differentiaj  equations]  , and  that  It  is  not 
probable  that  the  best  combination  of  these  for  improved  ship  performance 
in  waves  can  be  obtained  by  pure  cut-and-bry  methods,  further  development 


ol'  analytical  methods  will  also  have  to  be  pursued  I’or  irregular  as  well  as 
regular  seas.  In  the  irregular  case.  References  12  and  13  i'epresent  the 
pioneering  work;  but  the  first  is  covip lately  devoid  of  experimental  verifica- 
tion, while  the  experimental  part  in  the  second  one  is  rather  brief.  It  will 
be  necessary,  therefore,  to  devote  a considerable  amount  of  effort  to  the  ex- 
perimental verification  and  further  analytical  development  of  the  theory  of 
calculating'  the  complex  sea  motions  from  the  known  ship  responses  to  siirple 
seas . 

The  experimental  application  of  irregular  waves  to  the  problem  of 
bendir.c  moments  in  a ship  model  will  be  described  in  a forthcoming  paper 
in  pr$aration  by  one  of  the  authors  (Reference  18). 

The  Present  Q.ij.R.  Project  at  the  E.T.T. 

The  work  on  irregular  waves  now  being  carried  out  at  the  Experimental 
Towing  Tank  is  being  done  under  contract  with  the  Office  of  Naval  Research, 
under  the  technical  cognizance  of  the  iJavid  Taylor  Model  Basin.  Briefly, 
the  project  has  two  aims: 

(1)  to  make  a direct  conparison  of  the  resislarce  and  motions  of  two 
extreme  hull  forms  in  both  regular  and  irregular  long-crested 
tank  waves;  and 

(2)  to  check  on  analytical  methods  of  calculating  ship  responses  to 
irregular  waves  on  the  basis  of  the  responses  to  regular  waves 
of  a wide  range  of  frequencies, 

(a)  by  means  of  statistical  methods  (St,  Senis- Pierson, 
Reference  12),  and 

(b)  by  point -by  - point  calculation  ( ruchs-MacCamy,  Refer- 
ence 13). 

It  is  expected  that  the  statistical  study,  item  2(a),  will  yield  the  motion 
spectra  and  the  average  and  maximum  amplitudes  of  motion.  The  point -by -point 
calculation,  item  2(b),  wiul  result  in  the  tLmc  history  of  motion  in  relation 
to  the  wave,  in  order  to  provide  a picture  of  wetness  of  decks,  propeller 
emersion,  slamming,  etc.  It  will  be  noted  that  the  problem  of  siiip  motions 
in  reguj.o"  instead  c-f  becnmi.ng  ■secondarj'-  to  the  problem  of  irregular 
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wave  motions,  now  becomes  an  essential  part  of  it.  Tne  simple  sea  studies 
provide  the  necessary  building  blocks  from  v.tiich  it  is  honed  the  irregular 
sea  motion  can  be  constructed. 

Woric  to  date  on  this  project  has  been  on  problems  of  instrumentation 
and  background  theory,  and  therefore  there  are  no  concrete  results  to  re- 
port. However,  the  indications  are  that  the  new  theory  accounts  for  sea 
obseiyations  in  a qualitative  way.  Whichever  type  of  motion  is  considered  -- 
for  example,  rolling  or-  pitctiing  — the  ship  seems  to  select  the  resonant 
frequencies  from  the  broad  band  of  frequencies  present  in  the  seaway  and 
to  respond  most  violently  to  them.  This  is  illustrated  in  Figure  11,  which 
is  based  on  two  Figures  in  keference  13.  It  car.  be  seen  that  the  calculated 
response  spectvi.im  involves  a radical  shift  of  the  sea  spectrum,  with  a peak 
at  the  natural  pitching  frequency.  Thi s is  confirmed  by  sea  observations 
(Reference  19).  Insofar  as  pitching  is  concerned,  normal  ship  proportions 
seem  to  be  such  that  , at  ordinary  speeds  in  head  seas,  ships  experience 
synchronism  with  the  longer  wa”e  components,  w’nich  results  in  erratic  but 
occasionally  violent  pitching.  At  reduced  speeds  or  hove  to,  conditions 
are  usually  ameliorated  by  the  fact  that  synchronism  occurs  only  with  the 
shorter  waves  whic^  produce  cortpa ratively  small  pitching  moments. 

Conclus  ions 

The  above  considerations  suggest  that  improvements  in  the  seakeecing 
qualities  of  ships  may  be  sought  in  the  followin.g  directions : 

(l)  Kadical  shifts  of  natural  frequencies  of  oscillation,  in  order 
to  avoid  synchronism  as  much  as  possible,  througn  modifications 
to  proportions  or  weight  distribution.  In  the  case  of  Ditching 
and  heaving,  shorter  periods  are  distinctly  beneficial  in  this 
respect. 

Changes  in  hull  lorm  or  the  use  of  auxiliary  devices  which  will 
reduce  motions  when  resonance  witn  certain  wave  components  is 
unavoid  able. 

(j)  Changes  i.r  ''u ' !.  ‘'orm  or  the  use  cf  auxiliary  devices  which  will 
improve  the-  phase  r el£itionship  between  the  waves  and  the  ship 
motions. 
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it  is  hoped  that.  th«  work  on  motions  in  irregular  seas  being  undertaken 
at  the  E.T  T.  will  not  only  clai’ ify  the  theory  involved  but  will  shed  some 
light  directly  on  the  above  possible  improvements  in  the  seakeeping  qualities 
of  ships. 
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PORTION  OF  RECORD  OF  IRREGUuAR  TANK  WAVE 

RECORDED  AT  POIMT  ON  CARRIA'iE  MOVING  AT  I. +2  KNOTS 


ANALYSIS  or  IRREGULAR  V/AVE  R E C O R D , ST  EV  ENS  E TT 
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